INTRODUCTION
Despite the technological importance of the control of grain growth in superalloys, a relatively limited research has been reported in this area (Tian et al., 2009; Huda, 2004; Huda and Ralph, 1990; Radhakrishnan and Thompson, 1993) . No previous quantitative study on the grain-growth kinetics of HAYNES 718 superalloy has been reported. This research paper, therefore, aims to study the effects of annealing parameters on the graingrowth kinetics by computing the grain-growth exponents during annealing at temperatures in the range of 1323 to 1423K for the investigated 718 Ni-base superalloy.
Superalloys are extensively used in hot sections of gasturbine engines owing to their excellent creep and hotcorrosion resistance at high temperatures (Huda, 2009; Satyanarayana et al., 2008; Kovan et al., 2008; Sims et al., 1987) . In particular, 718 nickel-base superalloy has a lower cost when compared with the other superalloys resulting in wider spread use of this superalloy (Xiaoa et al., 2006) . Grain growth occurs in polycrystalline materials to maintain its thermodynamic stability by reducing its grain boundary energy, and hence, by reducing total energy of the system (Gladman, 2004) . Grain boundary area is in high energy state and this energy is *Corresponding author. E-mail: drzainulhuda@hotmail.com.
proportional to the driving force for the grain growth. Therefore, the driving force varies as the inverse of the grain size (Cotterill 1976; Huda and Zaharinie, 2009; Liu et al., 2006) . Thirteen (13) samples from the SM were sectioned by use of diamond-wheel cut-off machine (facilitated with cooling fluid during cutting operation) so as to conduct metallographic investigations on the rolling plane. Twelve (12) samples were given grain-growth annealing heat treatments at temperatures in the range of 1050 to 1150°C (1323 to 1423K) for durations in the range of 20 min to 22 h by use of a Carbolite tube atmosphere-controlled furnace (filled with nitrogen gas) facilitated with a digital temperature control system (Table 1 ). The metallographic specimens for the thirteen (13) samples were prepared by metallographic grinding, polishing and etching. Metallographic etching was accomplished by using etching solution of 20% hydrochloric acid + 80% methanol. The photomicrographs for the metallographic specimens were taken by the use of an optical microscope linked with a computerized imaging system using the i-Solution software. The average grain diameters for the as-received and heat-treated samples were measured; and the grain-growth exponent n for the alloy was computed at various temperatures. 
RESULTS AND DISCUSSION

Microscopy
The optical micrographs for the as-received and annealed samples are shown in Figure1a to d. It can be observed from the microstructure of the as-received 718 nickel-base superalloy ( Figure 1a ) that clearly, there are two distinct phases: austenite () matrix and gammaprime (') particles. The gamma-prime phase imparts high-temperature strength to the superalloy (Huda, 2009; Monajati et al., 2004 ). Now we observe microstructures of the annealed samples ( Figure 1b to d); which shows the absence of the second-phase (' particles). A comparison of the optical micrograph of the as-received materials with those for heat-treated samples leads us to the conclusion that the '-solvus temperature for the investigated superalloy is below 1050°C (1323K). Since the presence of the ' particles in the microstructure is important for creep strength, we can relate this conclusion to the high-temperature applications of the HAYNES ® 718 superalloy as follows. When designing a machine element involving the selection of this superalloy in the hot-sections of the machine (for example, gasturbines), the operating temperature (to which the superalloy component is subjected) must be below 1050°C (1323K). However, if the operating temperature is designed to exceed the '-solvus temperature (say 1200°C), it must be ensured that thermal barrier coatings are used (TBC) on the HAYNES ® 718 superalloy component (Huda, 2009; Sims et al., 1987) . Table 1 presents the grain size data resulting from various annealing parameters used in the heat treatment.
Data analysis
The pre-growth mean grain diameter was computed to be 13 micron for the as-received superalloy.
A look at the data in Table 1 clearly indicates that the grain size increases with increasing temperature and time. Figure 2 shows the grain-growth behavior resulting from various annealing parameters at temperatures in the range of 1323 to 1423K for time-durations in the range of 20 min to 22 h for the investigated superalloy.
The isothermal curves in the graphical plot (Figure 2 ) lead us to establish that the grains first grow rapidly and then more slowly with increase in grain size at a particular temperature. This kinetic behavior which shows that the rate of grain growth varies inversely as the grain size enables us to express the kinetics of grain growth is as follows:
where D is the mean grain diameter after an annealing time t at a particular temperature.
On integration, Equation 1 takes the form:
where 0 D is pre-growth grain diameter, t D is grain diameter at any instant t during grain growth, n is grain growth exponent and k is constant depending on metal's composition and annealing temperature.
In logarithmic form, Equation 2 can be expressed as follows: The three isothermal lines in Figure 3 indicate that the grain-growth exponent n increases from 0.067 to 0.183 as temperature increases from 1323 to 1423K. This kinetic behavior of grain growth can be subsequently explained. The grain-boundary mobility increases with increasing temperature; which in turn results in lessrestricted migration of grain boundaries thereby promoting grain growth. This explanation is further justified by this author's investigation of grain-growth kinetics in a powder-formed IN-792 superalloy; whereby n values have been reported to have increased from 0.020 to 0.164 as the temperature increased from 1493 to 1543K (Huda, 2004) .
For pure metal, the ideal grain growth exponent, n is 0.5 (Cotteril, 1976; Huda, 1991) . The lower n values (n = 0.067 to 0.183) for the investigated superalloy as compared to those for pure metals (n = 0.5) indicates that the grain growth is highly restricted due to the solute drag effects (Ralph et al., 1992) . Additionally, the grain-growth kinetic behavior n < 0.4 is expected for a highly alloyed metal (Takasugi, 1985; Simpson et al., 1971) .
Conclusions
The values of the grain-growth exponent, n, were computed to be in the range of 0.067 to 0.183 at temperature in the range of 1323 to 1423K for the investigated superalloy. An explanation for increase of n value with increase in temperature in terms of grainboundary migration has been presented. The '-solvus temperature was found to be below 1050°C (1323K) for the investigated 718 superalloy. This finding was related to the high-temperature applications of the superalloy as follows. When designing a machine element involving the selection of the HAYNES ® 718 superalloy in the hotsections of the machine (for example, gas-turbines), the operating temperature (to which the superalloy component is subjected) must be below 1050°C (1323K). However, if the operating temperature is designed to exceed around 150°C higher than the '-solvus temperature (that is, 1200°C), it must be ensured to use the thermal barrier coatings (TBC) on the HAYNES ® 718 superalloy component.
